Acid-base regulation and renal transporters in the kidney
=========================================================

The kidney is one of the major organs that maintain acid-base homeostasis via three major processes. In the proximal tubule and the thick ascending limb, filtered bicarbonate (HCO~3~^-^) is reabsorbed, and acid/protons are excreted in the collecting duct. The other process includes the synthesis of ammonia and the use of ammonia, phosphate and citrate as so-called titratable acids to bind protons and thereby maximizing the kidneys ability to excrete proton. These processes of the kidney to excrete acids or bases are associated with the expression of various specialized and spatially arranged transport proteins and enzymes.

Genes responsible for some inherited disorders of renal acid-base transport have been identified[@B1]. They can provide molecular mechanisms for understanding the role of renal transporters in acid-base regulation. For example, mutations in gene encoding the Na^-^/HCO~3~^-^-cotransporter NBCe1 (*SLC4A4*) cause defects of HCO~3~^-^ absorption in the proximal tubule, leading to proximal renal tubular acidosis. Patients suffer from severe metabolic acidosis and blindness since the transporter is not only expressed on the basolateral side of the proximal tubule but also in the eye[@B2]. Mutations in the cytosolic carbonic anhydrase (CAII) gene cause a mixed type of proximal and distal renal tubular acidosis because CAII expresses in the proximal and distal tubules. Patients also suffer from cerebral calcification and osteopetrosis. Inherited forms of distal renal tubular acidosis could be caused by mutations of the vacuolar H^-^-ATPase or the Cl^-^/HCO~3~^-^ exchanger, anion exchanger 1 (AE1)[@B1]. These patients\' manifestations include hyperchloremic metabolic acidosis and hypokalemia and are often associated with retarded growth in infants or nephrocalcinosis and nephrolithiasis in adults.

Pendrin and Pendred syndrome
============================

Over the past 20 years, the importance of intercalated cells in the process of renal net acid excretion has been recognized. The final control of urinary acidification occurs in the late distal tubule, the connecting segment and the collecting duct through the action of intercalated cells[@B3]. Intercalated cells represent the minority cell type within the connecting tubule (CNT), the distal convoluted tubule (DCT) and the cortical collecting ducts (CCD). Intercalated cells are classified as type A, type B, or non-A, non-B based on the presence or absence of the anion exchanger, AE1, and the distribution of the H^+^-ATPase within the cell[@B4], [@B5]. Intercalated cells excrete or reabsorb net H^+^ equivalents depending on whether the H^+^-ATPase is expressed on the apical or the basolateral membrane. Type A intercalated cells secrete H^+^ equivalents through the H^+^-ATPase which localizes to the apical membrane and functions in series with the Cl^-^/HCO~3~^-^ exchanger, AE1 expressed on the basolateral membrane. In the type B intercalated cells (Cl^-^/HCO~3~^-^ exchanger), pendrin, across the apical membrane, functions in series with the H^+^-ATPase expressed on the basolateral membrane to mediate secretion of OH^-^ equivalents ([Fig. 1](#F1){ref-type="fig"}).

In human, mouse and rat kidney, pendrin is expressed in the CCD, the CNT, the initial collecting tubule and the DCT, where it localizes to the apical plasma membrane and apical cytoplasmic vesicles of both type B and non-A, non-B IC[@B6], [@B7]. Apical localization of pendrin to a subset of intercalated cells suggests that pendrin participates in the regulation of acid-base balance. However, intercalated cells also participate in the process of chloride (Cl^-^) absorption and secretion.

Recent research suggest that pendrin is important in protecting the body from the development of metabolic alkalosis as evident from pendrin-deficient mice[@B8]. In human cases, Pendred syndrome is caused by the mutations of pendrin. In 1896 Vaughan Pendred first described an Irish family in which 2 of 10 children suffered from congenital deafness and goiter. Everett et al.[@B9] reported the molecular structure of pendrin (*SLC26A4*). The solute carrier family 26 (SLC26) is a group of multifunctional anion transporters, which play a physiological role in almost all organ systems, functioning in the transport of anions such as sulfate, iodide, formate, oxalate, Cl^-^, hydroxyl and HCO~3~^-^[@B10]. SLC26-dependent transport of hydroxyl and HCO~3~^-^ anions impacts on the regulation of intracellular and plasma pH. Pendrin (*SLC26A4*) is one of the well-known members of the SLC26 family in the kidney. However, the physiological significance of pendrin in the human kidney is not obvious since affected individuals have no known acidbase or fluid and electrolyte abnormalities, and normal renal function is present at least under basal and unstimulated conditions.

Pendrin activity in four different levels
=========================================

Pendrin activity is controlled on at least four different levels, including mRNA expression and protein abundance, subcellular localization, and numbers of pendrin expressing non type-A intercalated cells ([Fig. 2](#F2){ref-type="fig"})[@B11]. Adler et al.[@B12] indicated that pendrin (*SLC26A4*) has direct regulatory domains in the promoter region sensitive to intracellular pH and possibly to aldosterone. Several treatments, including acidosis and alkalosis, altered total pendrin abundance in the kidney[@B13], [@B14]. Subcellular localization of pendrin in animal models was observed[@B15]. Lastly, the number of pendrin expressing non-type-A intercalated cells was observed in states of chronic metabolic acidosis or altered distal Cl^-^ delivery associated with a changed relative abundance of pendrin positive cells[@B14], [@B15]. Through these mechanisms, altered pendrin activity could be observed in various animals under specific stimuli.

Pendrin on metabolic acidosis
=============================

Pendrin mediates Cl^-^/HCO~3~^-^ exchange, which releases HCO~3~^-^ into urine and reabsorbs Cl^-^. During metabolic acidosis, pendrin expression has been down-regulated[@B13], [@B14], [@B16]. Pendrin is also important for Cl^-^ reabsorption in the CNT and CCD, which are pendrin-rich segments. Increased Cl^-^ delivery is associated with reduced pendrin expression levels ([Fig. 3](#F3){ref-type="fig"})[@B16]. However, Hafner et al.[@B14] emphasized that metabolic acidosis caused by acetazolamide or (NH~4~)~2~SO~4~ loading prevents the increase or even decreased pendrin expression despite low level of urinary Cl^-^ excretion, which suggests pendrin is regulated by acid-base status independent of Cl^-^ status.

Pendrin on metabolic alkalosis
==============================

During metabolic alkalosis induced by HCO~3~^-^-loading, pendrin abundance was increased[@B13], [@B15]. Potassium depletion also caused reduced protein levels of pendrin, which suggests the negative effect of metabolic alkalosis during K^-^ restriction on pendrin expression[@B13], [@B15]. Verlander et al.[@B8] showed that pendrin is upregulated with aldosterone analogues (deoxycorticosterone pivalate, DOCP) and that pendrin is critical in the pathogenesis of mineralocorticoid-induced hypertension and metabolic alkalosis. However, it is not entirely clear if DOCP has a direct effect on pendrin or an indirect effect via hypokalemia or metabolic alkalosis.

Defect of pendrin: *in vitro*, *in vivo*, human case
====================================================

Experimental studies using pendrin null mice showed the functional role of pendrin under various conditions[@B8], [@B17], [@B18]. Royaux et al.[@B17] reported that pendrin knock-out mice receiving DOCP in addition to NaHCO~3~ loading failed to secrete HCO~3~^-^. Wall et al.[@B18] indicated that pendrin (*SLC26A4*) is upregulated with NaCl restriction and is critical in the maintenance of acid-base balance and in the renal conservation of Cl^-^ and water during NaCl restriction via pendrin (*SLC26A4*) null mice under NaCl restriction diet. Recently, Pela et al.[@B19] reported that a 5-year-old child with Pendred syndrome whom had developed profound hypokalemia and severe hypochloremic metabolic alkalosis following thiazide therapy. They suggested that the improper action of pendrin may exacerbate the diuretic effects of thiazide, which inhibits Cl^-^ reabsorption mediated by the thiazide-sensitive NaCl cotransporter[@B19].

Conclusion
==========

Pendrin is a Na^+^-independent, Cl^-^/HCO~3~^-^ exchanger that is expressed in the apical membranes of type B and non-A, non-B intercalated cells, which mediates HCO~3~^-^ secretion and Cl^-^ absorption. Under basal conditions, no renal abnormalities are observed in mice and humans with genetic disruption of Pendred syndrome. In contrast, pendrin (*SLC26A4*) is upregulated with aldosterone analogues, Cl^-^ restriction, and metabolic alkalosis, and is down-regulated with Cl^-^ loading and metabolic acidosis, independently. However, the exact role of pendrin in humans has not been established to date, and further examinations are necessary.
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